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1. INTRODUCTION 

The ability to compute the base region flow field for projectile configurations using 

Navier~Stokes computational techniques has been develoJped over the past few years (Sahu, 

Nietubicz, and Steger 1983; Sahu 1987a, 1987b ; Sahu, Nietubicz, and Heavey 1988). This 

capability is very important for determining aerodynamic coefficient data including the total 

aerodynamic drag. Base flow calculations to date have in~luded both the solid base as well 

as base cavity configurations. The M865 projectile has a base cavity which contains a tracer. 

Ideally, the tracer should be visible for the entire flight of the projectile. Recent firing tests 

for this projectile have indicated that after about 2 kilometers ( Mach number approximately 

3) the tracer is no longer visible. The reasons for this behavior are not known at this time. 

A computational study for this projectile was thus undertaken with emphasis on the base 

region flow field. The aim is to find out if any flow irregularities occur in the base region and 

to correct for such behavior by making simple configuration changes in the afterbody /base 

cavity shape. 

Flow field computations for the M865 projectile have been performed at various super~ 

sonic Mach numbers, 2 < .NI < 5 and o = 0.0° using; a recently developed three plane 

version of a three dimensional (3D) Navier-Stokes code. The solution technique, numerical 

algori thm and composite grid scheme are described in the next section. The composite grid 

or zonal scheme allows better geometric modeling of the base region and preserves the actual 

base corner. Computations have also been performed for several modified afterbody /base 

cavity configurations to examine the effects of these changes on the flow fields much like a 

numerical wind tunnel. The computed results show both the qualitative and quantitative 

features of the base region flow field. 

2. SOLUTION TECHNIQUE 

The complete set of time~dependent thin-layer Navier-Stokes equations is solved numer­

ically to obtain a solution to this problem. The numerical technique used is an implicit 

finite difference scheme. Although time-dependent calculations are made, the transient flow 

is not of primary interest at the present time. The steady flow, which is the desired result , 

is obtained in a time asymptotic fashion. 

2.1 Governing Equations. The complete set of three dimensional, time dependent , 

generalized geometry, thin-layer, Navier-Stokes equations for general spatial coordinates 



~ . TJ, (can be written as (Pulliam and Steger 1982): 

where 

' • • 1 • 
a.,.q + a~P +aT/a+ a,s = Re- a,s 

~ =e(x,y,z,t) 
7J = '7(x, y,z, t) 
( =((x,y,z,t) 
j = t 

- longitudinal coordinate 

- circumferential coordinate 

- nearly normal coordinate 

-time 

( 1) 

The vector q contains the dependent variables (p ,pu, pv,pw,e) and the flux vectors F,G,H 
contain terms which arise from the conservation of mass, momentum and energy. In equation 

(1), the thin-layer approximation is used and the viscous terms involving velocity gradients 

in both the longitudinal and circumferential directions are neglected. The viscous terms are 

retained, however, for velocity gradients in a direction nearly normal to the surface where 

large flow gradients exist. These viscous terms in ( are collected into the vectorS. Although 

not shown in equation (1), similar thin-layer viscous terms are also added in the longitudinal 

direction in the base region. Details of the governing equations can be found in Pulliam and 

Steger (1982). 

2 .2 Numerical Technique. The numerical algorithm used is an implicit approxi­

mately factored scheme with central differencing in the TJ and ( directions and upwinding in 

the e direction. The smoothing terms used in the present study in the 11 and ( directions 

are a blend of second order and fourth order terms. The idea here is to use second order 

difference near shocks. For the computation of turbulent flows, a two-layer Baldwin-Lomax 

(1978) algebraic turbulence model is used. 

For simplicity, all the boundary conditions have been imposed explicitly. On the body 

surface, the no-slip boundary condition is used and the wall temperatu re is specified . Free 

stream boundary conditions are used at the inflow boundary. A non-reflection boundary 

condition procedure is used at the outer boundary. A symmetry boundary condition is 

imposed at the circumferential edges of the grid while a simple extrapolation is used at the 

downstream boundary. A combinat ion of symmetry and extrapolation boundary condition 

is used at the center line (axis). The flow is initially set to free stream conditjons everywhere 

and then advanced in time unti l a. steady state solution is obtained. Further details of the 

numerical algorithm and boundary conditions can be found in Sahu and Steger (1988). 

2.3 Composite Grid Scheme. In the present work, a simple composite grid scheme 

(Sahu and Steger 1987) has been used. Here, a large single grid is split into a number of 
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smaller grids so that computations can be performed on each of these grids separately. These 

grids use the available core memory one grid at a time, while the remaining grids are stored 

on an external disk storage device such as the solid state disk device (SSD) of the Cray 

X-MP / 48 computer. The use of .a composite grid scheme requires special care in storing and 

fetching the interface boundary data , i.e., the communication between the various zones. 

In the present scheme, there is a one to one mapping of the grid points at the interface 

boundaries. Thus, no interpolations are required. Details of the data storage, data transfer 

and other pertinent information such as metric and differencing accuracy at the interfaces 

can be found in the work of Sa.hu and Steger (1988) and Sahu (1988). This scheme bas 

been successfully used by Sahu (1988) to compute three dimensional transonic flow over 

two projectiles and the same te·chnjque was also applied to a more complicated projectile 

with base cavities (Sahu and Ni,etubicz 1989). The present work is a further application of 

this technique to the M865 projectile with the base cavity where the zonal topology is very 

desirable. 

3. RESULTS 

Numerical computations have been made for the M865 projectile with the original and 

modified base cavities. Computations have been made at various supersonic speeds 2 < 

Af00 < 5 and a= 0.0°. Atmospheric flight conditions were used. 

The M865 projectile is a 12.a2 caliber cone-cylinder-flare projectile. H consists of a 3.43 

caliber conical nose, a 6.72 cahber cylindrical section, and a 2.13 caliber 14° flare. The 

area of interest is the flow field in the near wake or the base region. Figure 1 shows the 

computational grid around the projectile. It consists of four zones: a small zone near the 

nose of the projectile, one over the rest of the body up the base corner, one in the base region 

or the wake, and the last one inside the base cavity region. The number of grid points nsed 

in these four zones are 20x60, 2(3lx60, 84x119, and 54x30, respectively. The grid points are 

clustered near the body surface to capture the viscous turbulent boundary layer. As seen in 

this figure, the outer boundary is placed very close to the body since the flow of interest is 

supersonic and a non-reflection boundary condition is used at this boundary. An expanded 

view of the base region grid is shown in Figure 2 for the original afterbody. This figure shows 

the grid point clustering near th(e base corner and in the free shear layer region. This is done 

in an attempt to put more grid points in the regions where flow field gradients are large. 

Other afterbody /base cavity shapes have been considered. For each of these shapes, a new 

grid has been obtained. For most of the afterbody configurations the grids in the base cavity 

and the wake are changed. 

3 



A few qualitative results are presented next. Figure 3 shows the pressure contours for 

the M865 projectile for various supersonic Mach numbers, M = 2, 3, 4, and 5. As expected, 

it shows the shock wave emanating; from the nose of the projectile. A strong shock wave is 

also seen to originate from the cylinder-flare junction. This is followed by the flow expansion 

at the base corner. As shown in the figure, the outer boundary is placed close to the 

projectile and a non-reflection bolUndary condition procedure is used. The shock waves 

and the expansion waves pass through this boundary rather smoothly. As Mach number 

is increased, the shocks get stron~;er and the shock angle decreases. Figure 4 shows the 

centerline pressure distribution as a. function of the longitudinal position, X/D. Here, X/D is 

measured from the base so that the base cavlty region corresponds to negative X/D. In the 

base cavity region, the centerline pressure increases as the base cavity wall is approached. 

In addition, the pressure level in this region decreases with an increase in Mach number. It 

is also interesting to note the unexpected pressure oscillations or irregularities near X/D = 

0 for all Mach numbers except M "= 5.0 . The pressure peak or oscillation is the largest at 

M =3. This is undesirable and could possibly affect the performance of the tracer. Figure 

5 shows the pressure contours in the base region at M = 3. Again this figure clearly shows 

that sharp changes in pressure shown as a dark band occur on the centerline near X/D = 

0. This behavior in the pressure distribution is not desirable and should be eHminated or 

at least reduced. For this purpose, several numerical configuration changes have been made 

in the afterbody /base cavity region. Computations have been performed for the modified 

afterbody /base cavity configurations and an analysis of the effect of these changes on the 

flow field was performed. 

The first configuration change was to reduce the base cavity angle by half. This changes 

the base cavity shape while the outer flare remains unchanged. Comput.ed results have been 

obtained for this configuration at 2 < M < 3.5. The wake centerline pressure distribution 

for this case at M = 3.0 is shown in Figure 6 and compared with that of the original 

configuration. As seen in this figure, the modified configuration clearly produces a smoother 

pressure distribution than the original configuration. Figure 7 shows the pressure contours 

in the base region for the new confiJgura.tion. Again, this plot shows much smoother behavior 

in the pressure contours than the original base cavity. Figure 8 shows the wake centerline 

pressure distributions for all Mach numbers computed for both the original and modified 

base cavities. For the original configuration, large pressure oscillations are seen at all Mach 

numbers except at M = 3.5 near X/D = 0. For the modified configuration or base cavity 

shape, these oscillations are reduced considerably and the distributions arc smoother at all 

speeds examined. 

The second modified configuration keeps the original base cavity shape unchanged. How-
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ever, the afterbody Bare is clipped near the base corner resulting in a cylindrical portion. 

Figure 9 shows the pressure contours in the base region for this configuration. This plot 

shows a similar behavior in the pressure contours to that observed for the original configura­

tion. The dark region indicates a sharp pressure change and occurs a little more inside the 

cavity than the original configuration. This shift in the location of the oscillations can be 

seen more clearly in the centerline pressure distribution shown in Figure 10 compared with 

the original results. The magnitude of the oscillations is similar for both cases. 

The third configuration is similar to the first one in that the outer Bare remains unchanged 

and only the base cavity shape is changed. The base cavity for this design comes from a 

combination of base cavity shapes with the original configuration and configuration 1. Figure 

11 shows the pressure contours in the base region for this configuration. Again, this plot 

shows smoother behavior in t he pressure distribution than the original base cavity, although 

not as smooth as the first modified configuration. The wake centerline pressure distribution 

for this case is shown in Figure 12. As seen in this figure, the pressure oscillation near X/D 

= 0 is smoothed out; however, another pressure irregularity shows up near X/D = -0.5. 

The wake centerline pressure distributions for the original configuration as well as the 

modified configurations are shown in Figure 13. As stated before, the pressure oscillations 

are found to be large for the original configuration and configura.tion 2. A change made to 

the afterbody flare (configuration 2) just shifts the location of these oscillations. In both of 

these cases, no change was ma.de in the base cavity shape. It is also clear from this figure 

that any change made to the base cavity shape has a much larger effect on the base region 

Row field than the change in the shape of the outer Bare. The two cases (configurations 1 

and 3) where the b<~se cavity shape was changed show smoother behavior compared to the 

others. Among these two configura.tions, configW'ation 1 has the most smooth behavior. 

The results described above were sent to the Armament Research Development and 

Engineering Center (ARDEC) at Dover, New Jersey to assist them with the development of 

the M865 projectile. Based on the present computational results and other considerations, 

a new afterbody configuration was suggested with a change only in the base cavity region. 

The base cavity angle was chosen to be close to that of the modified configuration 1 which, 

as described above, gave the best computational result. However, the depth of the base 

cavity was reduced considerably from that of the modified configuration 1. Firing tests 

were then conducted for the modified M865 projectile with the new cavity. The results 

revealed some improvements in the visibility of the tracer when compared to the original 

configuration. Computations have been made for this new configuration and the results are 

shown in Figures 14 and 15. Figure 14 shows the pressure contours in the base region for 

this configuration. It shows smoother behavior in the pressure distribution than the original 
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base cavity but, not as smooth as was predicted with the modified configuration 1. The 

wake centerline pressure distribution is shown in Figure 15. As seen in this figure, pressure 

oscillations still exist near X/D = 0 for the ARDEC modified configuration and the pressure 

distribution is not as smooth as that found with the modified configuration 1. 

The next three figures (Figures 16, 17 and 18) show the velocity vectors in the base re­

gion for the original shape, modified! configuration 1 and the ARDEC modified configuration , 

respectively. The recirculatory flow in the near wake region and the base cavity is clearly 

evident. The primary recirculation zone extends into the base cavity region for all configu­

rations. This zone is .is more well defined for the modHied configuration 1 (Figure 17) and 

the ARDEC modified configuration (Figure 18) than the original configuration (Figure 16). 

As expected, the secondary separation region near the base corner is affected by the base 

height for all configurations. The secondary separation zone for the modified configuration 

1 is bigger than that obtained with the original configuration. This change in the secondary 

separation flow and the base height affects the base drag. The base drag for all configurations 

including the original one is shown in Figure 19. Flow field computations have also been 

made for a configuration with a fiat base (without any base cavity) for comparison purpose. 

The base drag for this case is iucluded in Figure 19. As seen in this figure, the base 

drag for the solid base is the largest and is reduced by the changes made in the afterbody 

configurations. The base drag for the case where the outer flare was clipped is the lowest 

and is less than half that of the fia.t base case. For the other configurations the outer flare 

remained unchanged and different base cavity shapes have been used. The base drag is 

reduced by 4%to30% due to the various base cavities. The original base cavity configuration 

(second from the right) has the lowest base drag among the configurations where only base 

cavity was changed. The modified configuration 1 which showed the smoothest behavior 

in the base region flow field and tlhe ARDEC configuration have slightly higher base drag 

than the original configuration. Also shown here is the result of another configuration with 

a rectangular base cavity. The bas.e drag for this configuration is slightly less than that of 

the flat base case. A careful look at these results reveal larger reduction in base drag with 

larger reduction in the base height (or base area). It can also be noted that the effect due 

to change in the depth of the base cavity is rather small as can be seen with configurations 

3,4, and 5. Although not shown here, the largest base drag reduction due to the base cavity 

alone compared to the flat base case corresponds to about 12% reduction in the total drag. 

Figure 20 shows the pressure •contours for the M865 projectile with the original base 

cavity at M = 3. It shows the very high pressure regions which occur near the nose and 

the flare sections of the projectile and the low pressure region in the near wake. It shows 

the shock wave emanating from the nose of the projectile. A strong shock wave originates 
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from the cylinder-flare junction. This is followed by the flow expansion at the base corner 

which is followed by a recompression shock downstream of the base. Figure 21 shows the 

comparison of the pressure contours in the base region for the original configuration, modified 

configuration 1, and the ARDEC modified configuration. The flow expansion at the base 

corner and the recompression downstream of the base are clearly in this figure. The very 

low pressure region is shown in blue. As seen in this figure, the original base configuration 

contains a large region of pressure oscillations or irregularities. The modified configuration 1 

shows a much smoother near wake flow field. The pressure irregularities have been reduced 

considerably. The ARDEC modified configuration shows a smaller reduction in the pressure 

irregularities compared to that of the modified configuration 1. 

4. CONCLUDING REMARKS 

A computational study has been made to examine the base region flow field for the M865 

projectile which contains a base cavity. Flow computations for this projectile have been 

performed at various supersonic Mach numbers, 2 < M < 5 and a = 0.0° using a recently 

developed three plane version of a 3D Navier-Stokes code. 

The computed results show the qualitative features of the base region flow field for the 

M865 projectile. The computed centerline pressure in the near wake shows smooth behavior 

forM = 5. However, as Mach number decreases, sharp changes in this pressure distribution 

can be seen to develop, especially at M = 3 and 2.5. To eliminate, or at least reduce, 

these oscillations in the pressure distribution, several proposed configuration changes have 

been made in the afterbody/ base cavity region. Computations have been performed for 

these modified afterbody /base cavity configurations to analyze the effect of these changes 

on the flow fields. Of these configurations, the modified configuration 1 with a new base 

cavity shape improves the base region flow field. The computed results obtained with this 

configuration show the most improvement in the base region flow field including the wake 

centerline pressure distribution at M = 3 and 2.5. 

Based on these computational results and other considerations, a new afterbody configu­

ration wa.s chosen for testing by ARDEC. The firing tests conducted for the MS65 projectile 

with this ARDEC modified base cavity configuration revealed some improvements in the vis­

ibility of the tracer compared to the original configuration. Computations have been made 

for this configuration and the results still indicate the presence of pressure oscillations or 

irregularities in the base region. As a by-product of the computational analysis, the base 

drag for these afterbody configurations were examined. The base drag is reduced by 4-30% 

due to these base cavities compared to a solid fiat base. 
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The results presented in this report do not include the effect of the tracer material. This 

effect is expected to be small. However , the same computational technique can be used to 

include this effect by using mass injection in the base region, if desired. 
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Figure I. Computational grid for the projectile . 

• 

Figure 2. Expanded view of the base region grid. 
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Figure 3. Pressure contours for the projectile, o = 0.0°, Moo= 2,3,4,5 from top to 

bottom, (Original configuration). 
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Figure 5. Pressure contours in the base region, M00=3.0, a= 0.0°, (Original 

configuration). 
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Figure 6. Wake Centerline Pressure distdbulions, M00 = 3.0, a = 0.0°, (Modified 

configuration 1). 
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Figure 7. Pressure contours in the base region, .M 00 =3.0, a= 0.0°, (Modified 

configuration 1). 
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Figure 8. Wake Centerline Pressure distributions, a = 0.0°, (Original configuration 

and Modjfied configuration 1). 
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Figure 9. Pressure contours in the base region, .t\100 =3.0, a= 0.0°, (Modified 

configuration 2). 
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Figure 10. Wake Centerline Pressure distributions, M00=3.0, a= 0.0°, (Modified 

configuration 2). 
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Figure 11. Pressure contours in the base region, M 00==3.0, a= 0.0°, (Modified 

configuration 3). 
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Figure 12. Wake Centerline Pressure distributions , .Nf00 =3.0, a= 0.0°, (Modified 

configuration 3). 
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Figure 13. Wake Centerline Pressure distributions, J\100=3.0, a = 0.0°, (All 

configurations). 
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Figure 14. Pressure contours in the base region, M00=3.0, a= 0.0°, (ARDEC 

modified configuration). 
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Figure 15. Wake Centerline Pressure distributions, M00=3.0, a= 0.0°, (ARDEC 

modi·fied configuration). 
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Figure 16. Velocity vectors in the base region, M00 =3.0, a- 0.0°, (Original 

configuration). 
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Figure 17. Velocity vectors in the base region, Moo=3.0, a 0.0°, (Modified 

configuration 1). 
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Figure 18. Velocity vectors in the base region , M00=3.0 , o = 0.0°, (ARDEC 

configuration). 
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Figure 19. Base drag vs. configuration, Moo=3.0, a= 0.0°, (All configurations). 
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Figure 21. Pressure con lours in the base region, M00 =3.0, a· = 0.0°, (onginal , 
modified 1, and ARDEC modified configurations). 
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